This work reports the use of FT-NIR spectroscopy coupled with multivariate calibration to determine the percentage of free fatty acids (FFA) in samples obtained by the esterification of FFA in vegetable oils. The analytical method used as calibration matrix samples of the reaction medium of esterification of oleic acid in soybean oil in proportions of 0.3 to 40 wt% (by weight) of oleic acid obtained under different experimental conditions and utilized the partial least squares (PLS) regression. The efficiency of the method was tested to predict the content of FFA in reactions of esterification of oleic acid in soybean oil catalysed by KSF clay and Amberlyst 15 commercial resin, both in a batch mode. Good Correlations were observed between the FT-NIR/PLS method and the reference method (AOCS). The results confirm that FT-NIR spectroscopy, in combination with multivariate calibration, is a promising technique for monitoring esterification reaction for biodiesel production.
Introduction
The merits of biodiesel (fatty acid ethyl or methyl esters) obtained from vegetable oils or animal fats as an alternative to mineral diesel comprise a nontoxic, biodegradable, and a domestically produced and renewable source which is well documented in the literature [1, 2] . Because of the well-known environmental and economical benefits, biodiesel fuel may be expected to be a good alternative to petroleum-based fuel [3] . The biodiesel production is generally accomplished in homogeneous [4] [5] [6] and heterogeneous [7] [8] [9] reaction systems at low pressures. Recently, the noncatalytic reaction, using alcohol under supercritical conditions at high temperatures and pressures, has also been investigated as an alternative method for fatty acid esters production [10] [11] [12] .
Fatty acid, methyl or ethyl, esters can be usually obtained from free fatty acid (FFA) esterification reaction, through vegetable oils hydrolysis followed by the fatty acid esterification or from direct vegetable oils transesterification [13] . The importance of examining the esterification reaction in a more detailed manner is justified by the huge amount and variety of vegetable oils worldwide available for biodiesel production [14] [15] [16] , which may have a high percentage of FFA making the conventional alkali-catalyzed transesterification impracticable, since for this process, the percentage of FFA is to be less than 0.5% [1, 17, 18] . Recent studies propose to obtain esters in two reaction steps of substrates with high acidity, consisting of two approaches: (1) esterification of FFA and subsequent transesterification of triglycerides [19] [20] [21] [22] or (2) hydrolysis of triglycerides, followed by esterification of fatty acids obtained [23] [24] [25] .
According to AOCS [26] , the acidity in vegetable oils can be determined by acid-base titration, using sodium hydroxide titrant and phenolphthalein as an indicator, such a method is commonly used because of simplicity of operation however, the method is slow, laborious; and lacks precision. In determining, large quantities of samples and reagents/solvents are consumed during operation [27] [28] [29] . The content of FFA can be determined by gas chromatography that involves complex steps of sample preparation and derivatization as the costs of internal standardization. Other methods involve techniques of high performance liquid chromatography [13] which eliminates the steps of derivatization; however, there is the high consumption of solvents used as mobile phase and the long time for analysis. A method that has been able to overcome such drawbacks 2 Journal of Energy is the FT-NIR spectroscopy, with the analytical procedure which provides rapid, direct (no pretreatment), reproducible, and moreover, the cost per analysis that is relatively low when compared to classical techniques [30, 31] and may be used in online monitoring of chemical reactions [32] .
In this sense, the main objective of the present work is to investigate the application of spectroscopy FT-NIR for the quantitative determination of FFA in esterification reaction for biodiesel production.
Materials and Methods

Materials.
Commercial refined soybean oil (Soya) and oleic acid (Sigma-Aldrich 99.9%) were used as substrates without further treatment. In esterification reactions, ethanol (Merck 99.9%) and as catalyst: KSF clay (Sigma-Aldrich) and Amberlyst 15 commercial resin (Supelco) were utilized. The characteristics of the catalysts are presented in the work of Zanette et al. [33] . In step titration of samples: solution of ethyl alcohol/ethyl ether 1 : 2 (v : v) (Vetec/Nuclear), 0.1 N sodium hydroxide (Nuclear), and phenolphthalein indicator (Nuclear) were used. All other reagents and solvents were of analytical grade.
Esterification Reactions of Oleic Acid in Soybean Oil.
The samples obtained by esterification reaction were used for calibration and validation of the methodology. The esterification of oleic acid in soybean oil with ethanol in the presence of a heterogeneous catalyst (KSF clay and Amberlyst resin) was studied, and a synthetic sample of soybean oil with 40 wt% of oleic acid was utilized. For calibration and validation steps, different reactions were carried using different molar ratios of oleic acid to ethanol (from 1 : 10 to 1 : 40), temperature (from 50 ∘ C to 80 ∘ C), and amounts of catalyst (from 2 to 20 wt%) in order to obtain samples with different oleic acid contents.
The esterification reaction was carried out with magnetic stirrers in a batch reactor equipped with condenser and immersed in a temperature-controlled water bath. The oil was heated until the desired temperature was reached. At this point, ethanol and the catalyst were added to the oil, and the esterification reaction began. At the end of reaction, the catalyst was separated by centrifuged (3000 rpm for 10 minutes), and the ethanol and water were removed from the reaction mixture using a rotary evaporator.
FT-NIR Method.
For the calibration of the FT-NIR method, FFA concentrations in samples from the reaction medium of esterification were determined by both FT-NIR and the conventional titration method by acid-base titration with 0.1 M NaOH in the presence of phenolphthalein. FFA content (FT-NIR and titration) was determined twice for each sample, and the average values are reported. The FT-NIR absorbance spectra were acquired in the range from 700 to 2500 nm in spectrophotometer FT-NIR model N-200 (Büchi).
Sixty spectra were used in these procedures, which were divided into two sets of data by the NIRCal software. The first set contained 40 spectra which were used to create the calibration protocol by extracting from them the relevant information. The second set contained 20 spectra which were used in the validation of calibration. Spectral treatments were applied, and calibration models were constructed using the software NIRCal 4.01 (Büchi). Multivariate calibration was performed by partial least squares (PLS) regression in order to study the relationship between the reference data and the FT-NIR data. This was assessed by a leave-one-out crossvalidation procedure and optimized in terms of the appropriate number of factors and pretreatment by minimizing the root-mean-square error (RMSE) as in the following:
where the terms "FT-NIR" and "REF" denote the predicted value and reference value, respectively. The relative standard error is designated as RMSEC (%) for calibration and RMSEV (%) for validation. The model that was finally adopted was that which led to the smallest possible RMSE value for a set of samples not previously used to construct it. The calibration curve obtained is a mathematical algorithm that contains the necessary information to carry out the pretreatment of the obtained spectrum, more a linear function of Absorbance versus FFA content that can be used to predict the concentration of the chemical component of interest in samples of unknown composition using the instrumental response of them.
The predictive capability was tested against fourteen samples of reaction medium of esterification. The device outputs were compared with those obtained by the reference method [26] by means of linear correlation, using the software Statistica 6.0 (StatSoft Inc.). A prediction model based on the same test set was generated and evaluated via the rootmean-square error of prediction (RMSEP).
Results and Discussion
Calibration Model for FFA Content.
Forty samples of esterification of oleic acid in soybean oil were used for the development of the calibration model for the FFA content. The FFA content in the samples ranged from 0.3 wt% to 45 wt%. The calibration of the method adopted as criterion the acidity values reported in the literature for the vegetable oils used for the biodiesel production [13] . The pretreated FT-NIR spectra utilized in the construction of the calibration curve as well the respective wavelength range analyzed are shown in Figure 1 .
The calibration of the method was evaluated considering the correlation between the percentage of free fatty acids (FFA) predicted by FT-NIR and determined by the reference method [26] . In the chemometric treatment of data, the method of partial least squares (PLS) regression evaluated to the data for the spectrum obtained in the spectral region between 1000 and 2500 nm. Spectra pretreatment was necessary to avoid baseline fluctuations several methods of pretreatment have been tested, and the results are summarized in Table 1 . The lowest RMSEV obtained was 1.35 and 1.68 using 17 (seventeen) PLS factors for calibration and validation of the method, respectively. The linear regression made between the points that represent the predicted content of FFA against the measured points was 0.9487. In cross-validation test, this regression was 0.9407.
Chang et al. [34] reported the application of PLS method and FT-NIR spectroscopy to monitor the enzymatic interesterification. The correlation found by these authors was 0.903 at 20 ∘ C, and values of RMSEC and RMSEP was 1.096 and 1.827, respectively, using 5 (five) factors for the PLS method. Multivariate curve resolution-alternating least squares (MCR-ALS) methodology applied to near-infrared spectroscopy (NIR) data for the esterification reaction between glycerol and a mixture of caprylic and capric acids was reported by Blanco et al. [35] . The authors reported values of 3.7 and 6.1 for steps of calibration and prediction of methodology in concentration interval of 0.4 to 162 (mg KOH/g sample) for acid value. Zhang et al. [36] showed the application of FT-NIR spectroscopy in order to monitor the enzymatic interesterification process for butterfat modification using PLS method and values of 0.173 and 0.675 were reported for RMSEC and RMSEV, respectively. Blanco et al. [37] show the potential of near-infrared (NIR) spectroscopy for monitoring the esterification of stearic acid by glycerol constructed PLS models and reported relative standard error (RSEC and RSEV) of 2.1 and 6.7, respectively. Figure 2 shows the performance of the model developed using PLS method to the experimental data. The results presented in Table 1 and Figure 2 demonstrated that the calibration models developed perform very well in the prediction of the FFA content.
Prediction Efficiency of FT-NIR/PLS Method for Monitoring Esterification Reactions.
After determining the mathematical algorithm of prediction (linear function of the calibration curve more the data pretreatment condition), it was inserted into the prediction software of the FT-NIR equipment. Then, its predictive capability was tested in an independent dataset of reaction medium of esterification, and the FFA content was determined as the previously described methodology.
The output data were then inserted into the Statistica 6.0 software. In this independent dataset, the linear regression between the points that represents the reference methodology (AOCS, 1998) against the predicted by FT-NIR/PLS methodology was 0.99 ± 0.05 (Figure 3) . The RMSEPs obtained for the results reported in Figure 3 were 1.15 and 1.07 for reaction with KSF and Amberlyst as catalysts, respectively.
According to our results obtained with the prediction of FFA content in the reaction medium of esterification from the independent set of samples, it was observed that both methodologies are well correlated and now, this methodology can be used routinely to predict the yields of esterification reaction for biodiesel production.
The use of 1 H NMR method for the quantification of FFA content during the esterification of oleic acid in methanol was reported by Satyarthi et al. [29] with high correlation (0.99) with this method and the titration method. Aryee et al. [28] evaluated the suitability of FT-IR method for the determination of FFA in fish oils for the production of biodiesel and reported a high correlation to the proposed methodology for FFA concentration from 0 to 6.5% by weight.
For the quantification of methyl esters in samples of transesterification reactions by NIR spectroscopy and PLS method, Baptista et al. [38] reported an 2 prediction of 0.930 and RMSEP of 0.9%, and Killners et al. [39] for on-line monitoring of the biodiesel production reported RMSEPs of 0.74 and 1.27 for the transesterification reaction carried out at 20 ∘ C and 55 ∘ C, respectively.
Conclusion
This work reported experimental data for FT-NIR calibration models for prediction of the esterification yields for biodiesel production. Results demonstrate that FT-NIR spectroscopy is a valuable tool to predict the FFA content in samples of reaction medium of esterification, with errors similar to the maximum errors admitted by the reference method. The FT-NIR/PLS method shows RMSEP of about 1.1% and high correlation ( > 0.99) between the methodology developed and the reference method. The FT-NIR/PLS is nondestructive and requires a small amount of the sample. It can be used to monitor the esterification reaction of FFA to biodiesel.
